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ABSTRACT
ANALYSIS METHODS AND CHARACTERIZATION OF THE
ELECTRICAL PROPERTIES OF NANOSTRUCTURED
PARTICLE-CONTAINING POLYMER THIN FILMS
by Steven Lee Bunkley
August 2012
Polymeric thin film materials exhibit extreme electrical properties that can
be difficult to measure in a repeatable fashion. The primary goal of this research
was to establish a reliable method for categorizing the electrical properties of
elastomeric thin film polymeric materials, including surface and bulk conductivity
and current versus voltage material response. Since the electrical response will
be affected by environmental conditions such as temperature and humidity, a
controlled environmental chamber must be designed which will readily
accommodate the necessary equipment, computer monitoring of the
environment, and the facile handing of polymeric thin-films. Without such an
environment, the electrical properties of films tested in the lab have
demonstrated significant variability in response. Current methods of analysis
require expensive equipment that are not amenable to the application of an
appropriate rubric. The specific goals of this project include (1) the design and
implementation of equipment capable of measuring the desired electrical
responses and which are compatible with efforts of environmental control; (2) the
acquisition of data describing the current-voltage characteristics of a series of
thin film samples containing increasing amounts of polarizable nanoparticle
ii

dopants; and (3) the preparation of a detailed error analysis report concerning
the specific data obtained in the context of the experimental protocols used, and
where possible direct comparisons to published results are presented. The
desired outcome of this research effort is to establish a reliable procedure for
categorizing the electrical properties of elastomeric polymer thin film dielectric
samples.
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CHAPTER I
INTRODUCTION
The study of the electrical properties of nanostructured particles
containing polymer thin films provided the catalyst for the research and
construction of the described electrode assembly. No suitable assembly could
be purchased that met the needs of the chemists testing their polymers. The
materials that are used in these polymers are incredibly expensive, require
months to produce, and have very low yield. Cost prohibits the production of
samples large enough to be tested with currently available electrode assemblies.
The large e lectrodes can also provide incorrect data due to the difficulty
surrounding the creation of a perfectly dispersed film of material large enough to
be tested. ·
The process of material design requires that a material be qualitatively
and quantitatively tested for every aspect of its intended or possible uses. The
methods indicated in this paper will provide an adequate understanding of the
electrical properties of elastomeric polymer thin film dielectric materials.
Although it is difficult to produce perfectly repeatable results, this paper
addresses those concerns by detailing how the experimental assembly monitors
and controls the atmospheric conditions within the test chamber. Temperature
and relative humidity are the primary environmental conditions monitored by the
chamber described in th is document.

While temperature is not controlled,

relative humidity can be manually controlled by flushing moisture from the
container and maintaining the set point for prolonged periods of time. The
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modular design of the electrode assembly and its highly adjustable nature ensure
that a variety of tests can be run with the same machine.
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CHAPTER II
RESISTIVITY
Electrical current is a measure of the quantity of electrical charges moving
through a given node in a circuit each second. The unit for this measurement
was named the Ampere in honor of the man who discovered it, Andre' Marie
Ampere. A material's resistance directly relates to the degree to which electrons
can flow. This natural phenomenon corresponds to the separation of charges
defined by electrical potential (Wolf & Smith, 2004, p. 6). In electronics, the term
resistance can be used to describe a material's electrical properties for strictly
Direct Current (DC) sources, but to define a material's characteristic transient
properties under Alternating Current (AC), the term impedance is used.
Impedance refers to the ratio of a component's electrical potential to its current
with respect to the sum of its inductive, capacitive, and strictly resistive
components (Wolf & Smith, 2004, p. 77). When studying the electrical properties
of dielectric and insulating materials, the term, apparent, refers to resistivity
measurements of unsealed dielectric and insulating materials. This is due to the
difference in readings that can be measured by varying the environment or the
time a material is exposed to a particular polarity (ASTM, 2007, Sec. 5.3). These
materials are separately categorized by their surface and volumetric resistivity to
enhance the predictability of a material's performance in different environmental
conditions (ASTM, 2007, Sec. 5.1). The term, resistivity, represents the relative
resistance of a material given its geometrical shape and is shown in Equation 1.
Surface resistivity refers to the ratio of current to voltage between two points of
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opposing polarity across the surface of a material, which is used in the
calculation of dielectric breakdown of insulating materials (ASTM, 2007, Sec.
3.1.10 and Sec. 5.2). Volumetric resistivity, the ratio of current to voltage
between two points of opposing polarity across the width of a material) can be
used to determine the purity of a material (ASTM, 2007, Sec. 3.1.11 and Sec.
5.4).

l

r- p-

A

Equation 1. Resistivity (Eshbach & Souders, 1975, p. 945).
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CHAPTER Ill
CAPACITANCE
Figure 1 depicts an arbitrary configuration of positive and negative
electrical charges separated by an unknown distance. If the impedance of the
separating medium is insufficient, the charges will "relax" so that there is an
equal potential throughout the space. This separation of electrostatic energy is a
visual representation of capacitance, which is measured in Farads.
Mathematically, capacitance is defined as a ratio of electrical charge per volt as
shown in Equation 2. (ASTM, 2011 , Sec. 3.2 .1) (Wolf & Smith, 2004, p. 307).

Figure 1. Two bodies that are separated by a fixed distance (Wolf & Smith, 2004,
p. 308).

c

q

v

Equation 2. Capacitance (ASTM, 2011, Sec. 3.2.1).
If the polarity alternates in a capacitive circuit, the capacitor will resist the
change in voltage. This process is known as Capacitive Reactance. The
impedance of a capacitor is a complex value that depends on the frequency to
which the polarity alternates and can be expressed by Equation 3 (Wolf & Smith,
2004, p. 309).

6

Xc

=

1

1

ltrfC

mC

Equation 3. Capacitive Impedance (Wolf & Smith, 2004, p. 309).
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CHAPTER IV
RELATIVE PERMITIIVITY AND DIELECTRIC LOSS
The term dielectric refers to the insulating material that separates the
conducting electrodes in a capacitor (Wolf & Smith, 2004, p. 309). Insulators can
be used to separate electrical conductors in a circuit or as a dielectric material in
a capacitor. By finding the permittivity of the dielectric material, a capacitor can
be designed to a specified capacitive value. A low permittivity lends itself well to
insulators while a high permittivity lends itself well to being a dielectric in a
capacitor (ASTM, 2011 , Sec. 5.1).
Relative permittivity, Er or E', is the real portion of the complex permittivity
of a material. It can also be expressed as the ratio of the parallel capacitance of
a material to the capacitance of the same electrode configuration with the
dielectric removed and replaced with a vacuum as expressed in Equation 4
(American Society for Testing and Materials International [ASTM], 2011 , Sec.
3.2.7).

Equation 4. Relative Permittivity (ASTM, 2011 , Sec. 3.2.7).
The dissipation factor is a ratio of a material's loss index (E") with its
relative permittivity (E') as expressed in Equation 5. This property can also be
expressed as the tangent of the loss angle (tan 6) or the cotangent of the phase
angle (w) as shown in Equation 6, which also shows the relationship between the
dissipation factor with other properties such as phase angle w, equivalent AC
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conductance G, parallel reactance Xp, equivalent AC parallel resistance Rp, and
the materials parallel capacitance Cp. The loss index of a material is the
orthogonal, or imaginary, portion of its relative permittivity. It can be found by
using Equation 7 (ASTM, 2011 , Sec. 3.2.4). Equation 8 expresses the
dissipation factor of a material for series and parallel circuits. The relationship
between series and parallel is expressed in Equation 9 and Equation 10. This
relationship is graphically represented by Figure 2 and Figure 3 (ASTM, 2011 ,
Sec. 3.2.2).

D

e''
e'

Equation 5. Dissipation Factor (ASTM, 2011, Sec. 3.2.2).

D

tan 8

1

cot ()

Equation 6. Loss Tangent Relation (ASTM, 2011 , Sec. 3.2.2).

Power Loss
E2 x f X Volume x Constant
Equation 7. Loss Index (ASTM, 2011 , Sec. 3.2.4).

D

1

Equation B. Dissipation Factor Series Parallel Relation (ASTM, 2011 , Sec. 3.2.2).
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(1

+

[)2)

Equation 9. Series and Parallel Components (ASTM, 2011 , Sec. 3.2.2).

(1

+

rY)
-

[jl

1

+

1

+ 0:

Equation 10. Resistive Series and Parallel Component Ratio to Quality Factor
(ASTM, 2011 , Sec. 3.2.2)

VwCp

Figure 2. Vector Diagram for Parallel Circuit (ASTM, 2011 , Fig. 1).

R5 I

I

I

,
I

1,..8

_I_
wC5

I
I

....
I
I
I
I
I
I

I
I

Figure 3. Vector Diagram for Series Circuit (ASTM, 2011 , Fig. 2).
The power factor is the ratio of power in watts that is dissipated over a
material to the product of the AC current I, and voltage V, in Volt-amperes.
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Power factor is expressed in Equation 11 with its relation to phase angle

w and

the loss angle 6. The relationship between power factor and dissipation factor
can be found by Equation 12 (ASTM, 2011 , Sec. 3.2.6).

PF

=

w

G

=

VI

sin~

-

cos()

Equation 11. Power Factor (ASTM, 2011, Sec. 3.2.6).

PF

D

D
Equation 12. Power Factor versus Dissipation Factor (ASTM, 2011, Sec. 3.2.6)
In both applications, electrical insulation or capacitor dielectric, a low AC
loss is generally preferable. A low AC loss will reduce heating and errors caused
by unexpected current paths. It is especially important in systems where
frequencies are high. This is due to the increase of AC loss with frequency
(ASTM, 2011, Sec. 5.2).
When there is enough information pertaining to a material's power factor
and dissipation factor, properties such as dielectric breakdown, moisture content,
degree of cure, and deterioration can be determined. It is important to note that
deterioration can be due to thermal aging and will not affect its dissipation factor
unless it is also exposed to moisture. For this reason , the change in dissipation
factor due to aging is more important than its initial value (ASTM, 2011 , Sec.
5.3).
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CHAPTERV
REPEATABILITY AND ACCURACY
If the resistance of the device being measured has a value near the
resistance of the meter it can experience loading from the meter. Meter loading
can cause errors where a significant amount of current is routed through the
meter. This error can be theoretically calculated through Equation 13. A
generalized schematic diagram for this connection configuration is depicted in
Figure 4 (Keithley International Inc., 2004, Sec. 2.2.1.1).

Equation 13. Input Resistance Loading (Keithley, 2004, Sec. 2.2.1.1 ).

Voltage Source

Figure 4. Effects of Input Resistance Loading on Voltage Measurement Accuracy
(Keithley, 2004, Fig. 2-1)

Loading refers to the degree to which a measurement device changes the
electrical properties of a system. Loading errors can also occur due to a bias in
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current between the source and measurement device. This error can be further
understood by analyzing Equation 14 with Figure 5 (Keithley, 2004, Sec. 2.2.1.2).

Equation 14. Input Bias Current Loading (Keithley, 2004, Sec. 2.2.1 .2).

Voltage Source

~ Measuring "s

Indicating VM
VM • Vs- IIIIASRs

Figure 5. Effects of Input Bias Current on Voltage Measurement Accuracy
(Keithley, 2004, Fig. 2-2).
Input Impedance refers to the total impedance of a device from the high to
the low polarity leads. A device that is used to measure voltage over a
component must possess a very high impedance to reduce error due to current
being routed through the measurement device instead of the component being
tested . Transversely, current meters must be the opposite; the input resistance
of a current meter will reduce the current through the circuit, causing errors (Wolf
& Smith, 2004, p. 77).
Output impedance refers to the impedance introduced into a circuit by a
voltage source. If the impedance of a measurement device is not relatively close
to the ideal value, loading can occur. This can cause a problem when measuring
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large impedance values. In such cases, an isolation amplifier can be used to
increase the relative impedance of the device when compared to the object being
measured . Equation 15 shows how to calculate the loading error of an
overloaded circuit. Equation 16 shows the percentage error caused by this
overloading (Wolf & Smith, 2004, p. 77).

Equation 15. Loading Error (Wolf & Smith, 2004, p. 77).

%Error

=(

Rrn ) 100
Rm+Rt

Equation 16. Percent Loading Error (Wolf & Smith, 2004, p. 77).
Impedance matching refers to the process by which a circuit must be
balanced to supply load in the most efficient method possible. This often
requires operating a supply well under its maximum output capability and
increasing the relative impedance of the load well over that of the source. In AC
circuits, the impedance of the load must be equal to the complex conjugate
impedance of the source. This is demonstrated in Equation 17 and Equation 18
(Wolf & Smith, 2004, p. 80).

Equation 17. AC Source Impedance Matching (Wolf & Smith, 2004, p. 82).

14

J +(

Z....= R2

mL-

~C )

(J)L- ._!__

2

arctan -

(

)

Rme

Equation 18. Load Impedance Matching (Wolf & Smith, 2004, p. 82).
The apparent resistance of a material is also affected by the length time
the material is exposed to a particular voltage, as defined by Equation 19. In this
equation, A represents a constant proportional to the instantaneous current
versus time. The value of m usually exists between 0 and 1 (ASTM, 2007, Sec.
X1 .4).

l(t) = Arm
Equation 19. Current versus Time in a Resistor (ASTM, 2007, Sec. X1 .4).
It is important to note that a dielectric can maintain charge for an extended
period of time after the potential has been applied to its terminals. This residual
charge can affect further readings on the material. To avoid these inaccuracies,
the terminals of the device must be shorted or grounded a minimum of four times
the previous charge time (ASTM, 2007, Sec. X1 .8).
Proper grounding is very important for any voltage measurement. This is
because voltage measurements are relative across a difference in potentials. If
the system is not properly grounded, the relative measurements will be
incorrectly offset, causing errors. This can also be very dangerous. If the
voltage potentials are allowed to build, they can discharge over materials that
were not intended to be a part of the circuit (Wolf & Smith, 2004, p. 52).
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Common mode noise (CMN) appears on both ends of a measurement
device's probes and can lead to serious errors. Proper grounding and shielding
practices can help prevent common mode noise (Wolf & Smith, 2004, p. 137).
The common mode rejection ratio (CMRR) of a device refers to the ability of a
device to attenuate noise that is introduced as an offset voltage to the entire
signal. This is often caused by improper grounding, where an erroneous signal
enters the circuit through the ground, as shown in Figure 6 (Keithley, 2004, Sec.
1.4.4.2).

(UIUIIIyllc<l)

~-

Figure 6. Common Mode Noise (Keithley, 2004, Fig. 1-6).
Normal Mode Noise (NMN) can be distinguished from CMN because it
onlyappears on one probe of a measuring device. It can be removed by
averaging or filtering techniques (Wolf & Smith, 2004, p. 137). The normal mode
rejection ratio (NMRR) of a device defines its ability to attenuate noise that is
introduced into the circuit between the measurement instrument's high and low
leads. This value can be calculated from Equation 20, and a simplified example
of this is shown in Figure 7. Although many instruments have internal filtering , it
is preferable to use proper grounding and shielding techniques to reduce the
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otherwise substantial errors from NMRR. A common source of NMRR is a 60Hz
signal from the electrical infrastructure of American buildings (Keithley, 2004,
Sec. 1.4.4.1). The common or normal mode rejection of a device refers to an
instruments ability to filter the specific type of noise (Wolf & Smith, 2004, p. 137).

NMRR

= 20 log(

peak no1·mal nwde nnise )
.
peak measurement deviation

Equation 20. Normal Mode Rejection Ratio (Keithley, 2004, Sec. 1.4.4.1).

i 0.
Noise

Measuring

Instrument

/"\ ")...___,

~

HI

·..;......_...._
__,_ w

_L

.

-=-Signal

T

Figure 7. Normal Mode Noise (Keithley, 2004, Fig. 1-5).
Accuracy can also be affected by the ability of a system to measure the
applied voltage and current average values by integrating over time (ASTM,
2007, Sec. 7.5.2.4). The sampling speed of a machine is usually stated in the
manual as a number of samples per second. It is important to note that
increasing the sampling rate can degrade accuracy, even if this increase is within
the rating of the machine , when accuracy is valued over speed, groups of
samples can be averaged to reduce noise and increase accuracy (Keithley,
2004, Sec. 1.4.5).
The Wheatstone bridge is a special circuit that can be used to measure
slight changes in current or resistance in a device. This bridge circuit utilizes a
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set of series and parallel resistors with a node connecting the center node of the
two parallel circuits. If the bridge is balanced, there will be no current running
through this center connecting node. The circuit works by using the measured
device as an unknown resistance in the otherwise balanced circuit. The current
that flows through the center node is therefore proportional to the value of the
unknown resistance. One method for solving this circuit involves adjusting the
balance on the bridge by using an adjustable resistance source to oppose the
flow of current through the node. Equation 21 is the basic equation used to
define the Wheatstone bridge circuit assuming the value of all other resistors can
be determined externally. Figure 8 depicts the basic electrical circuit
configuration for a Wheatstone bridge (Wolf & Smith, 2004, p. 295).

Equation 21. Wheatstone Bridge (Wolf & Smith 2004, p. 295).

(b)

Figure B. Wheatstone Bridge (Wolf & Smith, 2004, p. 298).

The Source-Measurement Unit (SMU) provides a range of useful
functionality that can be utilized in this project. It can source and measure both
current and voltage while retaining accuracy into the fempto ampere range. It
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can also be programmed to perform a test that automatically iterates through a
range of values (Keithley, 2004, Sec. 1.3.5). The SMU is depicted in Figure 9
and Figure 10 in its source current and source voltage modes respectively. In
both figures, the source output is buffered by a guard ring that is used by the
machine to attenuate noise in the signal wire. The meter can be switched
between local and remote modes. By switching the meter to remote, the error
introduced by the cables can be removed from the measurement. If the meter is
set to local, the measurement will include any cables or devices connecting the
terminals of the measuring instrument (Keithley, 2004, Sec. 1.5.6).

.

..
.~

<>-:-:---+--+H+--<

S . . HI

GuMI

v
S..LO

OutputLO

" - - - - - - . . , . . __ __,._ _ _-uOutputLO

Figure 9. Source I Mode of SMU (Keithley, 2004, Fig. 1-29).
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The material used to machine the electrodes for a resistance
measurement system should allow maximum contact to the dielectric material
being tested. It should also resist corrosion that would increase its effective
resistance above negligible values (ASTM, 2007, Sec. 6.1). The surface
roughness of the material and electrodes can make exact reproducibility very
difficult to obtain (ASTM, 2007, Sec. 6.1.1).
Several techniques can be utilized to ensure the material is fully
connected to the electrodes. Silver paint, sprayed metal, and evaporated metal
have a semi-permeable membrane that will allow the diffusion of moisture from
the sample while improving electrical contact to the material. Before they can be
applied to the dielectric material, it is important to verify that the application
process will not destroy the surface of the material, altering its electrical
properties (ASTM, 2007, Sec. 6.1 .3).

20
Metal foil can be attached to the dielectric using a thin layer of petroleum,
silicone grease, oil, etc. If metal foil is used , care must be taken to remove
imperfections in the application while not compressing the dielectric to be tested .
Moisture is another concern with metal foil because it is non-porous and can trap
moisture that existed within the material at the time the foil was applied (ASTM,
2007, Sec. 6.1 .6). Flat metal plates can be used if the material has flexible and
compressible physical properties throughout the temperature range it will be
tested (ASTM , 2007, Sec. 6.1 .8).
Conducting rubber provides an easy and non-obtrusive method to
contacting electrodes with the dielectric material under test. It has been found
that using conducting rubber can reduce accuracy by producing values in some
cases 20% to 70% lower than those found using tinfoil. This method can still be
used to establish an order of magnitude value (ASTM, 2007, Sec. 6.1.10).
Humidity can change a materials resistance by a factor of 1 million over
the range of 25% to 90% relative humidity (ASTM, 2007, Sec. X1 .3). Moisture
absorbed into a material and the formation of ionized water film on the material's
surface can greatly affect the magnitude of a material's interfacial polarization .
This can increase a material's permittivity, its loss index and its DC conductance.
It can take minutes to equalize the surface of the material, but it can sometimes
take months to fully equalize the moisture absorbed into the material (ASTM,
2011 , Sec. X3.4).
Temperature and humidity substantially affect the resistive measurements
of a material. Resistance due to temperature can change by a factor of as much
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as 100,000 just over the range from 25° to 100°C. A rise in temperature will
correspond to an exponential rise in the relaxation frequency (ASTM, 2011, Sec.
X3.2). For these reasons, temperature must be monitored during each test to
establish its electro-thermal properties. Equation 22 correlates the resistance of
a material to its absolute temperature. This equation was taken from the
Arrhenius equation for activation energy of chemical reactions that pertain to
temperature, and the Boltzmann principle for thermal agitation of minute
particles. In this equation, m represents the activation cost and the energy
absorption of the material. A material may exhibit multiple values for m along a
range of temperature values. These values can be determined by plotting a
natural logarithm of the resistance values for a material against the reciprocal of
the range of temperatures the resistance values were taken. Analysis of the plot
to find the values of m require deriving the slopes of each segmented portion of
the plot. Equation 23 correlates the change in resistance over two temperatures
in logarithmic form . The validity of these equations requires that the material
does not change its state over the range of temperature measurements. When
taking measurements versus temperature, it is important to note that the time in
which the material is exposed to the temperature may also affect its resistance
value. Signs of deterioration during tests should be documented for material
operating conditions (ASTM, 2007, Sec. X1 .2).

R = Be "Yr
Equation 22. Arrhenius Boltzmann (ASTM, 2007, Sec. X1 .2).
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Equation 23. Arrhenius Boltzmann Logarithmic Temperature Change (ASTM,
2007, Sec. X1 .2).

Because surface resistivity is impossible to perfectly isolate, values that
pertain to surface resistivity of a material must be considered approximate
(ASTM, 2007, Sec. 5.6). Tests taken with this method should not be compared
to values obtained when the material's shape or state are changed. Data from
this device will best replicate real world values if the material is tested in a similar
manner as to which it will be used (ASTM, 2007, Sec. 9.1.2). Due to the natural
tendency of a material to exhibit a variable range of resistance values even in
similar test environments, reproducibility will not often improve a 10% error
(ASTM, 2007, Sec. X1 .1).
Weathering refers to all the environmental changes that can occur to the
material if it is exposed to the world. This can include changes in temperature,
humidity, rain , wind, impurities, salt, and sun light. This can result in the
deterioration of the material (ASTM, 2011, Sec. X3.6). Even under normal
operating conditions, the material can deteriorate, changing its electrical and
physical properties over time (ASTM, 2011, Sec. X3.7). Because a material's
properties can be so easily affected by moisture and temperature, it is usually
necessary to test the material in the environment it will be used (ASTM, 2011 ,
Sec. X3.8).
Using statistical analysis, erroneous data can be calculated to show the
degree to which it can be understood as accurate. Such methods require many
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measurements to be taken of a particular sample. These methods include mean,
deviation from the average, average value of the deviations, standard deviation,
and the probability of error size in one observation (Wolf & Smith, 2004, p. 38).
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CHAPTER VI
EXPERIMENTAL APPARATUS
By isolating the active electrodes across a material, surface and
volumetric resistivity of a material can be found separately (ASTM, 2007, Sec.
4.1 ). The electrode assembly design for surface and volumetric resistivity are
depicted in Figure 11 as both a top-down and side cut-away view. The top-down
view shows four separate diameters designating the mathematical dimensions of
the inner plate and outer ring electrodes. D1 represents the diameter of the
electrode labeled No. 1 in the side cut-away view. D2 and D3 describe the inner
and outer diameters of the outer ring electrode, No. 2 in the cut-away view.
Finally, Do is the diameter that lies mathematically between D1 and D2.
Measurement of Do is not strictly necessary in any calculations to be performed
with this device. The side cut-away view has additional variables fort and g.
The value of g is simply the mathematical difference between D1 and D2 (ASTM,
2007, Fig. 4).
In this depiction, t represents the average thickness of the material being
tested. Unlike all other measurements pertaining to the electrode design can be
taken once, documented, and used for each calculation, t must be measured
each time a sample is inserted into the assembly. This can be done by taking
several careful measurements with a micrometer and averaging the values.
The assembly that was constructed for this project utilizes a built-in digital
depth micrometer connected to Electrode No. 3 as per Figure 11. With this
instrument, t can be measured by first removing the sample from the container,
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then closing the electrodes so that they are touching. The digital depth
micrometer can then be calibrated to the closed position, reading as zero offset.
Then the plate can be separated to allow insertion of the material. When the
electrodes are closed again, the digital depth micrometer will read the value oft
as a negative offset from its original starting position (ASTM, 2007, Fig . 4).

Figure 11. Flat Specimen for Measuring Volume and Surface Resistance or
Conductance (ATSM, 2007, Fig. 4).

The ASTM standard 0257 - 07 contains a table of equations used to
calculate surface and volumetric resistivity and conductivity for different electrode
designs. Of that table, only those that pertain to the circular design used in this
document are necessary. Equation 24 and Equation 25 are used to calculate the
geometric relationships that are required when studying resistivity. Equation 26
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and Equation 27 are used to calculate volumetric resistivity and conductivity
respectively. Equation 28 and Equation 29 are used to calculate surface
resistivity and conductivity respectively (ASTM, 2007, Table 1).

+

n(D 1

2

g)

A=-- - - 4
Equation 24. Circular Electrode Effective Area (ASTM, 2007, Table 1).

P = nD0
Equation 25. Circular Electrode Effective Perimeter (ASTM, 2007, Table 1).

Pv

A

= -t R.,

Equation 26. Volumetric Resistivity (ASTM, 2007, Table 1).

t

Yv

= -G
A v

Equation 27. Volumetric Conductivity (ASTM, 2007, Table 1).

p

P:. = -R~>

g

Equation 28. Surface Resistivity (ASTM, 2007, Table 1).

g

r: = -p
~

G$

Equation 29. Surface Conductivity (ASTM, 2007, Table 1).

Figure 12 depicts a generalized electrical connection diagram for the
volumetric resistivity measurements. The specimen is clearly labeled between
the electrodes so that the positive and negative voltages from the source can be
measured across the thickness of the sample. The figure shows that the inner
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plate electrode, 01 , is the active electrode and the outer ring electrode, 0 1 to 0 3 ,
extends the grounded coaxial shield (ASTM, 2007, Fig. 9) .

I

•
I

GUARDED ELECTRODES
,----- - - - - - - - " (CONCENTRIC CIRCLE)

+ - - - -- REQUIRED
COAXIAL LEAD

OPTIONAL
COAXIAL LEAD

Figure 12. Connections to Guarded Electrodes for Volumetric Resistivity
Measurements (ASTM, 2007, Fig. 9).

Figure 13 depicts the generalized electrical connection diagram that is
used to measure surface resistivity in the test sample. In this configuration, the
outer electrode ring that was connected to the coaxial shield as a guard plate in
Figure 12 is now an active electrode and the role of the guard electrode is
transferred to the plate on the opposite side of the material. This moves the
separation of potential through the width of the material to over the surface of the
material in the gap designated by gin Figure 11 (ASTM, 2007, Fig. 10).
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Figure 13. Connections to Unguarded Electrodes for Surface Resistivity
Measurements (ASTM, 2007, Fig. 10).
The capacitive value of a parallel plate capacitor can be calculated using
Equation 30. This equation uses the relative permittivity of the dielectric along
with the geometrical properties of the capacitor design to predict its ability to
store charge (Wolf & Smith, 2004, p. 309).

c

e,eoA
d

Equation 30. Parallel Plate Capacitor (Wolf & Smith, 2004, p. 309).
The test method described in this document utilizes guarded electrodes to
measure the capacitance of a material. If it had been unguarded, measurements
would suffer from fringing and stray capacitance values. Figure 14 depicts the
fields of stray capacitance that could be taken in an unguarded test stand. It can
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be seen that measurements are mechanically affected by capacitive fringing
effects. In this figure, Ce represents the fringing or edge capacitance, C9
represents the capacitance to ground of the outside face of each electrode, CL
represents the capacitance between the connecting leads, CLg represents the
capacitance of the leads in reference to ground, and CLe represents the
capacitance between the leads and the electrodes (ASTM, 2011 , Sec. 6.1 ).
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Figure 14. Stray Capacitance, Unguarded Electrodes (ASTM, 2011 , Fig. 5).
Calculating the vacuum capacitance of a material in a guarded electrode
as shown in Figure 14 is simplified by the fact that the edge capacitance is zero
as shown in Equation 33. For this reason, Equation 31 and Equation 32 are all
that is necessary to find the vacuum capacitance given the material's thickness t.
Equation 34 depicts the calculation that would be necessary if the guard was
neglected from the circuit (ASTM, 2011 , Table 1).
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Figure 15. Flux Lines Between Guarded Parallel Plate Electrodes (ASTM I 2011 1
Fig. 7).

A
0.0088542 t
Equation 31. Capacitance (ASTM I 2011 1Table 1).

Equation 32. Area (ASTMI 2011 1Table 1).

ce = 0
Equation 33. Edge Correction Guarded (ASTM I 20111 Table 1).

where a

<<

t,

C~

= (0.0087 - 0.00252 lnt )P

Equation 34. Edge Correction Unguarded (ASTMI 2011 1Table 1).
The leads used in the measurement of a material can affect both its
capacitance and its dissipation factor. Equation 35 shows the relationship
between this change and the true values (ASTMI 2011 1Sec. X1.1 ).

l:l.C
aiLs~
l:l.D - RswCP
Equation 35. Change in Capacitance and Dissipation Factor due to Leads
(ASTMI 2011 1Sec. X1 .1).
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The permittivity and loss index of a material are known to vary with
frequency. A change in frequency exposes a series of dielectric polarizations
that peak the material's loss index and mark the point to which the material's
permittivity is lowered as shown in Figure 16. The frequency that signify these
peaks in the loss index is known as the relaxation frequency. The term
relaxation refers to the point to which the separation of charge is released and
allowed to flow through the material. The two most important relaxation
frequencies correspond to the dipole polarization caused by polar molecules and
the interfacial polarization due to in-homogeneities in the material (ASTM, 2011 ,
Sec. X3.1).
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Figure 16. Typical Polarizations (ASTM, 2011 , Sec. X3.1).
In most cases, the electrical potential applied to a material will have no
affect on its relaxation frequencies . The exceptions to this ru le are when the
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potential is high enough to cause ionization or breakdown (ASTM, 2011 , Sec.
X3.3).
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CHAPTER VII
DIRECTIONS FOR USE
The electrode assembly was constructed inside the solid die cast
aluminum box depicted in Figure 17. Before any measurements can be taken,
the box must be electrically grounded by connecting the safety ground wire to the
terminal on the rear of the box. Grounding the box protects the user from the
dangerous voltage levels used in the dielectric measurement tests while also
protecting data from errors. The door is electrically connected by the four metal
latches around the exterior of the box. The latches can be adjusted to seal the
lid to the box by tightening the screws in a crossing pattern. Sealing the lid helps
protect the environment in the chamber from changing over the course of the
experiment. The chamber has two barbed nozzles that can be used to establish
the necessary moisture content within the chamber by connecting Nitrogen gas
to one nozzle and a bubbler to the other as shown in Figure 18. The nitrogen
removes moisture from the chamber while not affecting the measurements of the
dielectric material. The bubbler in Figure 19 allows moisture to be released from
the chamber while preventing moisture from entering .
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Figure 17. Closed Electrode Assembly.

Figure 18. Barbed Nozzles.
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Figure 19. Bubbler.

Moisture is monitored inside the chamber by two humidity sensors shown
in Figure 20. The HM1500 is used for course measurements. It monitors the
relative humidity range 95% to 10%. The HM1520LF is used for more precise
measurements from 20% to 0% relative humidity. Temperature is monitored with
a LM35 temperature transducer shown in Figure 21 . These sensors are
linearized and logged on a separate computer running a specially designed
Lab VIEW program titled after the grant "NSF Carrier". The icon is shown in
Figure 22.
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Figure 20. Humidity Sensors Mounted to Chamber.

Figure 21. Temperature Sensor Mounted to Chamber.
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Figure 22. Icon for LabVIEW Program.
The humidity sensors utilize two conductive plates that are separated by
air. Moisture in the atmosphere increases the conductivity of the space between
the plates. A reference capacitor that is isolated from the moisture is used to find
the difference and calculate the relative humidity of the environment. The output
of these sensors can be linearized via a chart provided by the datasheet, or an
equation that incorporates temperature compensation . The temperature sensor
utilizes voltage fluctuations in an internal transistor that have been found to have
a linear relationship to the temperature of the environment. A filtering circuit was
constructed to smooth out any instability that would otherwise disrupt the signal.
The electrode assembly itself can be modified for all three electrical
measurements. To perform resistivity measurements, the outer ring electrode
assembly must be connected to the floating base and centered on the inner
electrode. Adjustable screws and nuts were provided to ensure the outer ring will
not touch the inner ring during tests as shown Figure 23. The plate to which the
rings must be connected is a nonconductive material to prevent unwanted
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current loops within the assembly. The top electrode is mechanically attached to
but electrically isolated from a digital micrometer. The micrometer allows the top
electrode to be moved up and down as needed to place and remove the material
being tested and is shown in Figure 24. It can also be used to measure the width
of the material, as this information is important in later calculations. To prevent
over tightening, the micrometer ratchets when too much pressure is applied to
the material. The bottom plate, shown in Figure 25, is also allowed to float on
four springs as mentioned earlier to allow the electrodes to align themselves
properly and to maximize contact. Once the appropriate electrode assembly is
chosen and the material is placed securely between the plates, the chamber
should be locked and sealed for the safety of the user and for environmental
control.

Figure 23. Nuts for Alignment and Mounting.
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Figure 24. Depth Micrometer for Electrical Connections and Material Width
Measurements.

Figure 25. Electrode Assembly.

Using the humidity sensors as a guide, Nitrogen should be flushed
through the system until the desired relative humidity is achieved within the
chamber. But to ensure the moisture content of the material reflects the moisture
content of the chamber, the material must be allowed to rema in in the
environment for several hours before a test can be run . The amount of time that
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the experimenter must wait will depend on the composition and dimensions of
the material. To maintain the environment in the chamber, a slight positive
pressure should be observed in the bubbler. If too much pressure is observed,
the nitrogen will continue to lower the moisture content of the system. If no
positive pressure is maintained, flaws in the system might allow moisture back
into the chamber.
A switch, shown in Figure 26, is located on the top of the chamber that
changes the electrical connections within the chamber from surface to
volumetric. The switch allows the experimenter to swap between the two
electrical configurations. To perform permittivity measurements, the switch must
be turned toward volumetric. Resistivity measurements are otherwise self
explanatory.

Figure 26. Surface and Volume Switch .

The chamber provides two coaxial electrical connectors, shown in Figure
27, that can be connected to the Keithley 4200SCS. The wiring connectors
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depend on the test being run . The experimenter should consult the user
manuals for the specific cables to be used with each device. For reference ,
Figure 28 shows the connectors used with the SMU, and Figure 29 shows the
connectors used with the CVU .

Figure 27. Coaxial Electrical Connections.

Figure 28. SMU Electrical Connector.
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Figure 29. CVU Electrical Connection.
The Keithley 4200SCS uses the Kite software program to operate the
electrical measurement system. The Keithley 4200SCS will calculate
capacitance for the experimenter using a small modification of Equation 3 that
separates reactive impedance into the basic units of volts over amps and solves
for capacitance. Equation 36 shows the redefined equation with its relationship
to relative permittivity for circular parallel plate capacitor configuration . In this
equation , D represents the diameter of the plates and d represents the distance
between the plates.

I

c
Equation 36. Capacitance Equations.

To calculate relative permittivity directly from the measurements taken from the
experimental apparatus, Equation 36 can be solved for relative permittivity. This
relationship is shown in Equation 37.

2/d

Equation 37. Measured Relative Permittivity.
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CHAPTER VIII
DISCUSSION OF DATA
The material being tested is a heterogeneous colloid distribution of
nanostructured polymeric thin films. For a complete understanding of these
materials see Hanaa Ahmed's dissertation, "Physical and Electrical Properties of
Trimetallic Nitride Template Endohedral Metallofullerenes and Their Polymer
Nanocomposites".
Figure 30 shows the repeatability test for permittivity. For this repeatability
test, the material was placed in the electrode assembly and held in a near zero
percent relative humidity environment for three days. Permittivity values were
calculated in the manner expressed in this document. The approximate value
taken from each measurement shows a relative permittivity value of 5.547 with a
maximum uncertainty of ±0.003.
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Figure 30. Repeatability Test.

Figure 31 depicts the effects of humidity on permittivity measurements. It
can be seen that an increase in the relative humidity in the chamber will increase
the apparent permittivity of the material. This shows the importance of knowing
the environment in which the material will be used and controlling the
environment in which it will be tested.
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Figure 31 . Humidity Test for Permittivity.
Figure 32 shows the effects of humidity on resistivity measurements.
These measurements were taken with the same material over three different
humidity levels. The measurements were plotted as current versus voltage.
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CHAPTER IX
CONCLUSION
Establishing criteria for accuracy with these measurements proved difficult
due to the effects of temperature and humidity on the materials being tested and
a lack of standard accepted values in the field . For this reason, accuracy can
only be guaranteed given the environmental conditions under which the test was
run. To prevent false assumptions and to glean a full understanding of the
material, it should either be tested in the environment it will be used or under a
variety of environmental conditions. The LabVIEW program is a useful tool to
assist in the logging of the environmental conditions of the chamber. If used
properly, a test can be repeated with precision and accuracy.
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CHAPTER X
RECOMMENDATIONS
Future design considerations should include the possibility of
environmental control. In the current configuration, the relative humidity is
controlled by manually flushing the ambient moisture from the container with
Nitrogen gas until the sensor reads the desired relative humidity. Temperature is
not controlled in the chamber at all. The temperature of the test currently relies
on the temperature of the room the chamber is held. Pressure, although not fully
explored in this document, is entirely reliant upon altitude. A feedback control
system using heating cells, liquid nitrogen, and humidifiers could greatly increase
the range measurements taken from this method.
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